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Modeling charmonium with a Langevin equation

Part I: Modeling charmonia with Langevin equations
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Modeling charmonium with a Langevin equation Heavy quark and quarkonium dynamics

Heavy quark and quarkonium dynamics

Heavy quark diffusion: 3x = f d3q‘q’2ziql3'
» HTL approximation at NLO (Caron-Huot and Moore)[1]:

167
K= a2 T3 (log(1/gs) + .07428 + 1.9026g) (1)

» Drag force and diffusion from AdS/CFT (Gubser, Casalderrey-Solana
and Teaney, Mia et al.) [2], [3], [4], [5]:

k=TVAT3 (2)

» Phenomenology (Moore and Teaney) [6].
QQ potential
> Lattice calculations of Tr (W(x)WT(0)) (Kaczmarek et al.) [7].
> Internal or Free Energy? (Shuryak and Zahed) [8].
» Potential models (Mocsy and Petreczky) [9].
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Modeling charmonium with a Langevin equation Heavy quark and quarkonium dynamics

Duq vs. quarkonium diffusion

Quarkonium # two heavy quarks!

First AdS/CFT calculations for
quarkonium suggested zero drag, only
influence of the thermal medium from a
“hot wind"

Dusling, ..., Young: Fluctuations on D7
in AdSs x Ss dual to effective theory for

dipoles
Momentum diffusion suppressed by
factor of 1/N2, smaller than perturbative N
0.0 0.5 1.0 15 20
N = 4 prediction by a factor of 4. Exact P

opposite of heavy quark situation!
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Modeling charmonium with a Langevin equation Heavy quark and quarkonium dynamics

Duq vs. quarkonium diffusion

Quarkonium # two heavy quarks!

First AdS/CFT calculations for
quarkonium suggested zero drag, only
influence of the thermal medium from a
“hot wind"

Dusling, ..., Young: Fluctuations on D7
in AdSs x Ss dual to effective theory for

dipoles

Momentum diffusion suppressed by

factor of 1/N2, smaller than perturbative Y ) o
N = 4 prediction by a factor of 4. Exact P

opposite of heavy quark situation!
However, this treatment only valid when Eg >> T
Appropriate for T, inappropriate for J/1

J/1 dynamics at RHIC somewhere between “photoelectric effect” and “Rayleigh
scattering”
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Modeling charmonium with a Langevin equation Quarkonium dynamics in sSQGP as a stochastic process

Quarkonium dynamics in sQGP as a stochastic process

When My is sufficiently larger than T, the dynamics of each heavy quark
can be described by

% = —npi +& — ViU, (3)
where
(&i(£)&;(0)) = rdjo(t). (4)

Requiring thermalization to temperature T vyields the Einstein relation
between noise and dissipation:

KR

~OMT’ (5)

Ui
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Modeling charmonium with a Langevin equation Quarkonium dynamics in sSQGP as a stochastic process

lto integration

When a stochastic process satisfies a relaxed version of continuity, it can
be integrated:
i =(1—nAt)p + ¢ At (6)
Pn+1 n Pn n ’
where £/ is now selected from a Gaussian distribution with expectation

value &, thanks to the central limit theorem (the sum of a sufficiently large
number of random variables will approach a Gaussian distribution).
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Modeling charmonium with a Langevin equation Quarkonium dynamics in sSQGP as a stochastic process

lto integration

When a stochastic process satisfies a relaxed version of continuity, it can
be integrated:

Phi1 = (1= nAt)p, + &AL, (6)

where £/ is now selected from a Gaussian distribution with expectation
value &, thanks to the central limit theorem (the sum of a sufficiently large
number of random variables will approach a Gaussian distribution).

The law would have been personified by the Greeks and
deified, if they had known of it. It reigns with serenity and in
complete self-effacement, amidst the wildest confusion. The
huger the mob, and the greater the apparent anarchy, the more
perfect is its sway. It is the supreme law of Unreason.

Sir Francis Galton, 1889
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Modeling charmonium with a Langevin equation Properties of the J/1 in sSQGP

Evolution of an ensemble of QQ pairs in sSQGP

The probability for a QQ pair to be bound as a function of time:
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Modeling charmonium with a Langevin equation Properties of the J/1 in sSQGP

Quasi-equilibrium of QC_Q—pair ensemble
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Only the normalization changes after the initial thermalization ~ 2 fm/c.
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Modeling charmonium with a Langevin equation Properties of the J/1 in sSQGP

Summary of QQ in sQGP

» Thermalization in momentum space relatively fast, spatial diffusion
relatively slow.

» The QQ-potential can greatly enhance the survival probability.

» Quasi-equilibrium forms: relative abundances predicted by Boltzmann
factors.
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Modeling charmonium with a Langevin equation Properties of the J/1 in sSQGP

Summary of QQ in sQGP

» Thermalization in momentum space relatively fast, spatial diffusion
relatively slow.

» The QQ-potential can greatly enhance the survival probability.

» Quasi-equilibrium forms: relative abundances predicted by Boltzmann
factors.

An explanation for J/4 survival at RHIC?
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Quarkonium as an open quantum system

Part Il: Quarkonium as an open quantum system
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Quarkonium as an open quantum system The path integral approach to quantum Brownian motion

The reduced density matrix

Imagine a single degree of freedom minimally coupled to a bath:
1. .5
L = EMX - V(x)
SEILLEE WL
— Z CixR;.

The reduced density matrix

pred(x. X, B) = / dRip(x, Ris X', Ri, )

/ Dx exp(— /033 dT[% M52 + V(x)

2 .
S a7 ) [ e x(e) coshlenr = = /2)
(®)
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Quarkonium as an open quantum system The path integral approach to quantum Brownian motion

Caldeira and Leggett, 1983

Intuitively, when the proper infinite limit is taken for the bath, the
dynamics for the heavy particle may be dissipative. The density of states

2 .
2mw” it o < Q

C2(w)pp(w) = {0 T ©)

yields Langevin dynamics when £ — oo, with 7 the usual drag coefficient.
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Quarkonium as an open quantum system The path integral approach to quantum Brownian motion

Caldeira and Leggett, 1983

Intuitively, when the proper infinite limit is taken for the bath, the
dynamics for the heavy particle may be dissipative. The density of states

2,
2 if < Q

9
0 if w>Q )

C3(w)pp(w) = {

yields Langevin dynamics when £ — oo, with 7 the usual drag coefficient.

The reduced density matrix becomes, after integrating by parts and
renormalizing...
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Quarkonium as an open quantum system The path integral approach to quantum Brownian motion

The reduced density matrix for an open system

x(8)=xf E
Pred(Xi, ¢, B) = /( ) Dx eXP{ — Ss[x]
x(0)=x;

()]
+ L) / * dr x(r) sin (”;)
+ / dT/ ds x(7)x(s) Insin <7T(Tﬂ_5)> }-(10)
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Quarkonium as an open quantum system Imaginary-time correlators

Imaginary-time correlators

Correlation functions for heavy-heavy composite operators calculated on
the lattice:

6(r) = [ P ((7),(0.0)), (11)
JH(x,7) = q(x, )" q(x,T). (12)
The leading term in the limit M >> T is given by

(019%(x,7)4u(0,0)[0) = (11, %; T[4, 0; O)yigpy - (13)

The RHS of 13: first-quantized form
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Quarkonium as an open quantum system Imaginary-time correlators

The effect of dissipation on Gec(7)

> 7 =0.1GeV 1, g
» T=12T,. >
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Au+Au RHIC collisions

Part I1l: Langevin-with-interaction simulation of charmonium in
Au+Au RHIC Collisions
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Au+Au RHIC collisions Langevin-with-interaction simulation of charmonium

Langevin-with-interaction simulation of charmonium
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Au+Au RHIC collisions Recombinant production

Another consideration: recombinant production

» With many hard processes per collision, the possibility of recombinant
production needs to be considered.

» May lead to less suppression or even an enhancement of J/v yields at
the LHC
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Au+Au RHIC collisions Recombinant production

Another consideration: recombinant production

» With many hard processes per collision, the possibility of recombinant
production needs to be considered.

» May lead to less suppression or even an enhancement of J/v yields at
the LHC

Facts about charm production at the RHIC:
» On average 18 pairs produced in the most central Au+Au collisions.

» Only 5.5% of charm quarks produced are “neighbors” (close enough
to form a bound state) with a single anti-quark. Only an additional
0.2% have more than one neighbor.
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Au+Au RHIC collisions Recombinant production

Boltzmann factors for an N ¢C system

For an event with N cC pairs, there are N! possible pairings, each with

with probability (in thermal equilbrium but obviously not chemical
equilibrium)

P(o) = %exp(—Eg/Tc), 2= ep(—E(0)/T.).  (14)
ogE€SN

Thermal equilibration not assumed; only pairings of unbound quarks
considered.

Facts from last slide considerably simplify this calculation; at the LHC the
Metropolis algorithm is necessary.
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Au+Au RHIC collisions Cold nuclear matter effects

J /1) suppression and CNM effects

Our results compared with latest
CNM effect analysis, where
shadowing and breakup are treated
separately

Successful in explaining greater
supression at forward rapidity as a
CNM effect
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Au+Au RHIC collisions  Anomalous J/1 suppression for two values of T¢

Anomalous J /1) suppression for two values of T,

For T. = 165 MeV: For T. =190 MeV:
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Au+Au RHIC collisions  Anomalous J/1 suppression for two values of T¢

Can differential pr yields differentiate between the two
components?

The surviving component in the periphery of the transverse plane, the
recombinant peaked in the center.
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Conclusions and future work

Conclusions and future work

A model for J/1) suppression and charmonium thermalization at the RHIC

proposed which is consistent with heavy quark dynamics in
strongly-coupled gauge theory.
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Conclusions and future work

Conclusions and future work

A model for J/1) suppression and charmonium thermalization at the RHIC
proposed which is consistent with heavy quark dynamics in
strongly-coupled gauge theory.

Dissipative dynamics affects lattice quarkonium correlators.
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Conclusions and future work

Conclusions and future work

A model for J/1) suppression and charmonium thermalization at the RHIC
proposed which is consistent with heavy quark dynamics in
strongly-coupled gauge theory.

Dissipative dynamics affects lattice quarkonium correlators.

Future work
Calculate surviving and recombinant yields at the LHC

Extract spectral functions for quarkonium correlators with the maximal
entropy method, decouple “disassociation rates” in this model from
hydrodynamics simulations

Other observables at the RHIC (invariant mass spectrum of dielectrons,
bottomonium)?

What more can AdS/CFT tell us about quarkonium?
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Conclusions and future work

Conclusions and future work

A model for J/1) suppression and charmonium thermalization at the RHIC
proposed which is consistent with heavy quark dynamics in
strongly-coupled gauge theory.

Dissipative dynamics affects lattice quarkonium correlators.

Future work
Calculate surviving and recombinant yields at the LHC

Extract spectral functions for quarkonium correlators with the maximal
entropy method, decouple “disassociation rates” in this model from
hydrodynamics simulations

Other observables at the RHIC (invariant mass spectrum of dielectrons,
bottomonium)?

What more can AdS/CFT tell us about quarkonium?

We are not there yet!
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Conclusions and future work

Conclusions and future work

A model for J/1) suppression and charmonium thermalization at the RHIC
proposed which is consistent with heavy quark dynamics in
strongly-coupled gauge theory.

Dissipative dynamics affects lattice quarkonium correlators.

Future work
Calculate surviving and recombinant yields at the LHC

Extract spectral functions for quarkonium correlators with the maximal
entropy method, decouple “disassociation rates” in this model from
hydrodynamics simulations

Other observables at the RHIC (invariant mass spectrum of dielectrons,
bottomonium)?

What more can AdS/CFT tell us about quarkonium?

We are not there yet!

Thanks!
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Conclusions and future work
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